ABSTRACT A laying hen trial was conducted from 22 to 47 wk of age to determine the digestible lysine (DLYS) requirement of laying hens by using an increasing CP titration method. A total of 896 Lohmann LSL-Lite caged layers (22 wk of age) were allotted to 8 dietary treatments and each treatment had 8 replications of 14 hens. The first 7 experimental diets initially contained DLYS levels increasing from 0.565 to 0.980% with respective protein levels increasing from 13.8 to 21.7%. Dietary treatment 8 was a control diet which was calculated to contain 18.6% CP and 0.807% DLYS. These DLYS levels were reduced from 0.468 to 0.845% for diets 1 to 7 (0.688% for diet 8) at week 12 so that greater differences in production parameters could be obtained. Increasing DLYS levels had a significant (P < 0.05) effect on egg production, egg weight, egg mass, and feed efficiency. However, DLYS levels had no significant effect on egg component measurements such as percentage of yolk, white, and solids. Broken line regression, maximum of the quadratic polynomial (QP max) regression, and the intercept of the broken line and QP regressions were used to estimate the DLYS requirement. Broken line regression yielded the lowest requirement and QP max regression yielded the highest, with the intercept of the broken line and QP regressions yielding an intermediate requirement estimate. The DLYS requirements were consistently lower for egg production than for egg mass and feed efficiency. For egg mass and feed efficiency, DLYS requirements were 655 and 690, 817 and 866, and 706 and 778 mg/hen/d for the broken line, QP max, and the intercept of the broken line and QP regressions, respectively.
INTRODUCTION
In recent years, little research to determine the digestible lysine (DLYS) requirement of laying hens has been done even though there has been great genetic improvement in the animals over the last 15 yr (Bregendahl et al., 2008) . Many (most) laying hen diets are formulated based on ideal protein or amino acid (AA) ratios. Lysine (Lys) is used as the reference AA when formulating diets based on the ideal protein profile (Baker, 1997) . In addition, proper use of supplemental Lys and other AA can promote greater production efficiency and consequently a greater economic revenue since feed utilization can be improved (Silva et al., 2015) . For these reasons, accurately determining the Lys requirement of laying hens during different production periods is essential in order to achieve maximum production, particularly when formulating diets based on ideal protein and AA to Lys ratios.
The requirement for Lys, usually the second limiting AA in corn-soybean meal diets, has been determined by several different researchers with large differences among requirement estimates. Earlier papers suggested total Lys requirements of 522 mg/hen/d (Bray, 1969) and 690 to 710 mg/hen/d (Nathanael and Sell, 1980) . In more recent years, requirements for DLYS rather than total Lys have often been determined. For example, Schutte and Smink (1998) reported a DLYS requirement of 540 mg/hen/d based on egg mass. Bregendahl et al. (2008) determined a DLYS requirement and also determined ideal ratios of several AAs to DLYS. The latter study estimated a DLYS requirement of 538 mg/hen/d based on egg mass and 693 mg/hen/d based on feed utilization. When using several different statistical models, Silva et al. (2015) reported variable DLYS intakes of 624 to 804, 598 to 907, and 590 to 969 mg/hen/d were needed to meet the egg mass requirement during the age periods of 37 to 40, 41 to 44, and 45 to 48 wk, respectively.
The AA requirements for laying hens have been historically determined most often using broken line regression, a relatively objective method for estimating nutrient requirements. Several researchers have determined AA requirements of laying hens based on broken line regression for Met (Bray, 1965) , Lys (Bray, 1969) , and Trp (Russell and Harms, 1999) . Recently, Bregendahl et al. (2008) and Silva et al. (2015) also used broken line regression to determine several AA requirements. The maximum value of a quadratic polynomial regression (QP max) is another and more subjective approach to determining AA requirements. Nathanael and Sell (1980) and Cardoso et al. (2014) are examples of studies in which QP max was used in order to determine AA requirements of laying hens. Since broken line regression may underestimate the requirement and QP max may overestimate the requirement, the intercept of the broken line and the QP max methods can be used to objectively determine an intermediate requirement (Baker et al., 2002) . It was the objective of this research to determine the DLYS requirement of laying hens using increasing CP diets and the broken line, QP max, and the intercept of the broken line and QP regression methods for comparison. The increasing CP titration method was a modification of the diet dilution technique (Fisher and Morris, 1970) .
MATERIALS AND METHODS

Diet Formulation
All animal care procedures were approved by the university Institutional Animal Care and Use Committee. Eight layer rations were formulated using ideal AA ratios and analyzed nutrient values for all major ingredients in order to meet all nutrient requirements except Lys (Tables 1 and 2) . A basal diet (diet 1) and a summit diet (diet 7) were formulated to contain 0.565 and 0.980% DLYS, 13.8 and 21.7% CP, respectively (Table 1) . Diets 2 to 6 were blends of the basal and summit diets in order to achieve intermediate increasing DLYS levels of 0.634 to 0.911% with respective CP levels ranging from 15.1 to 20.3%. Diets 1 to 7 and diet 8 in Table 1 were fed from 0 to 12 wk of the trial. Diet 8 was an industry control diet. It was formulated to contain 0.807% DLYS and contained 18.6% CP. Diets were formulated based on the ideal protein concept to maintain the desired digestible AA: DLYS ratios. For the diet 8 industry control, the AA: DLYS ratios (%) were 73, 90, 87, 78, 22, and 127 for Thr, Met+Cys, Val, Ile, Trp, and Arg, respectively. These AA ratios were derived from the ratios determined by Bregendahl et al. (2008) and from ratios calculated from the AA requirements published by the breeder company (Lohmann Tierzucht GMBH, 2014) . For the increasing CP diets 1 to 7, the ratios were increased by 2 percentage units in an attempt that DLYS would be the first limiting AA. Thus, the digestible AA: DLYS ratios were 75, 92, 89, 80, 24, and 129 for Thr, Met+Cys, Val, Ile, Trp, and Arg, respectively. On week 12 of the trial, the diets were changed to reduce the DLYS in an attempt to obtain greater differences in production parameter responses to DLYS levels. For the latter diets, a basal diet (diet 1) and a summit diet (diet 7) were formulated to contain 0.468 and 0.845% DLYS and yielded 12.24 and 19.26% CP, respectively (Table 2) . Diets 2 to 6 were blended forms of the basal and summit diets to achieve intermediate increasing DLYS levels. Diet 8, an industry control, was formulated to contain 0.688% DLYS and had 15.28% CP. The digestible AA: DLYS ratios were maintained at the same minimum levels described above. These minimum AA: DLYS ratios did increase slightly for some AA in diets 1 to 5 as the DLYS was lowered. The latter ratios increased because only added Met, Lys, and Trp (third limiting) were used to meet their minimums. Thus, the AA: DLYS ratios either met or exceeded their targeted levels to ensure that these AA were never deficient and that DLYS was first limiting or most deficient. The diets 1 to 8 (Table 2) were fed from 13 to 24 wk (35 to 46 wk of age).
Experimental Design, Animals, and Measurements
A total of 896 Lohmann LSL-Lite caged layers were allotted to the 8 dietary treatments, each treatment had 8 replications of 14 hens. Each traditional raised wire cage measured 17 inches high × 23 inches wide × 22 inches deep with 7 hens per cage. Each replication or experimental unit consisted of 2 adjacent cages of 7 hens. Laying hens were maintained on a 16-h lighting program. Feed and water were provided ad libitum, and hens were fed twice daily in order to minimize feed wastage. Water was provided by 2 nipple waterers per cage. At 22 wk of age, hens were weighed and allotted to treatments so that the mean body weight was similar for all treatments.
Eggs produced from all hens were counted and collected each day. Hen-day egg production was calculated every 2 wk and corrected for mortality. Feed consumption was calculated every 2 wk (g/hen/d) and was also adjusted for mortality. Mortality was recorded daily during the 24-wk-trial period. Feed efficiency was determined every 4 wk based on egg weight (g/egg) and the amount of feed intake (g/feed/d).
Haugh units, egg weight, egg specific gravity, egg solids, and egg grades were measured at weeks 2, 6, 10, 14, 18, 22, and 24, respectively. Eight eggs were randomly selected from each replicate group of 14 hens in order to evaluate Haugh units using the EggAnalyzer R (Orka Food Technology, Bountiful, UT). Egg solid contents were evaluated by weighing the yolk and albumen of 5 eggs per replicate group and homogenizing them using a small hand-held blender. Then, 3 mL of both the yolk and albumen were weighed before and after drying the samples for 5 min in order to determine the amount of liquid and dry content of the egg. All eggs laid in a 24-h period for each replicate group were collected for egg size grading using the Aquamagic Egg Processing Equipment R (National Poultry Equipment, Renton, WA). Egg mass (g of egg produced per hen per day) was calculated by multiplying hen-day egg production times mean egg weight (g/egg). All eggs laid in a 24-h period were collected from each replicate group and measured for specific gravity every 4 wk using the flotation method with NaCl solutions varying in specific gravity from 1.056 to 1.104 g/cm 3 in 0.004 increments.
Statistical Analyses
The experimental design was a completely randomized design. Data were analyzed by ANOVA using SAS (SAS Institute, 2010) . Differences among treatment means (P < 0.05) were detected using Fisher's protected least significant difference test at P < 0.05 except for the egg size grade data in Tables 10 and 11 . The latter data were analyzed using chi-square analysis. The DLYS requirement was estimated from egg production, egg mass, and feed efficiency data using broken line, QP max, and the intercept of the broken line and QP regression methods. Broken line regression described by Robbins et al. (2006) was used to determine the breakpoint of the broken line. The QP max and the intercept of the broken line and QP regression methods of Baker et al. (2002) were used in order to compare the 3 regression methods with each other. Egg weight, feed efficiency, and egg mass production responses were analyzed from week 6 to the end of the trial in order to determine DLYS requirements because differences among treatments generally and consistently first appeared at 6 wk. However, egg production responses were analyzed only from week 12 to the end of the trial because dietary treatment effects were not observed until 12 wk.
RESULTS
Diet Analyses
The analyzed composition of the basal, summit, and industry control diets for the 0-to 12-wk period and 13-to 24-wk period is shown in Table 3 . The analyzed CP values were in general agreement with the calculated values in Tables 1 and 2 , with the basal diet being lowest and the summit diet being highest and the industry . 0.088 mg of biotin, 1.9 mg of menadione, 1.9 mg of thiamine, 7.7 mg of riboflavin, 12.1 mg of pantothenic acid, 3.1 mg of pyridoxine, 49.6 mg of niacin, 0.99 mg of folic acid.
3 Provided the following per kg of diet: 120 mg of manganese, 99 mg of zinc, 40 mg of iron, 25 mg of magnesium, 10 mg of copper, 1 mg of iodine, .3 mg of selenium.
4 Filler = sand. 5 Rovabio Max was provided by Adisseo, Alpharetta, GA, and it was assumed to release 0.11% for available P, 0.06% calcium, and 0.03% sodium. 
Performance Responses
Hens fed the diet containing a mean of 0.517% DLYS and 13.0% CP (mean of the diets fed during weeks 0 to 12 and 13 to 24) had significantly lower egg production than hens fed the other diets starting at week 12 (Table 4). Egg production of hens fed 0.582% DLYS had also reduced egg production compared to most hens fed higher DLYS at 22 and 24 wk. Feed consumption (g/hen/d) was also significantly lower for the dietary treatment with the lowest level of DLYS and CP starting at week 12 (Table 5) , and there were no significant differences among diets containing 0.582% DLYS or greater. Hens fed diets containing the 2 lowest levels of DLYS and CP (0.517 and 0.582% DLYS and 13.0 and 14.3% CP) had significantly lower mean egg weights (Table 6 ) compared with hens fed diets containing higher levels of DLYS and CP (0.648 to 0.913% DLYS and 15.5 to 20.5% CP) during the 6-to 24-wk period. Egg mass (hen-day egg production times mean egg weight) was also generally significantly lower for hens fed the 2 lowest levels of DLYS when averaged for the 6-to 24-wk period (Table 7) . Similar results were observed for feed efficiency (Table 8) . Egg production, egg weight, egg mass, and feed efficiency did not differ significantly for hens fed the industry control diet Pooled SEM 0.6 0.7 0.7 0.7 0.9 1.2 1.5 1.5 a-c Means within columns with no common superscript are significantly different (P < 0.05). 1 DLYS = digestible Lys, mean of the diets fed during weeks 0 to 12 and 13 to 24 (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 12 to 24 which was included in the regression analyses to estimate DLYS requirements. a,b Means within columns with no common superscript are significantly different (P < 0.05). 1 DLYS = digestible Lys, mean of the diets fed during weeks 0 to 12 and 13 to 24 (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 6 to 24 which was included in the regression analyses to estimate DLYS requirements. a-e Means within rows with no common superscript are significantly different (P < 0.05). 1 DLYS = digestible Lys, mean of the diets fed during weeks 0 to 12 and 13 to 24 (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 6 to 24 which was included in the regression analyses to estimate DLYS requirements for egg mass and feed efficiency.
(diet 8) compared with hens fed diets containing 0.648 to 0.913% DLYS (Tables 4 to 8) .
Final body weight (Table 9 ) of the hens was significantly lower for the dietary treatments containing the 2 lowest levels of DLYS and CP. In contrast, egg specific gravity was significantly higher for hens fed diets containing the 2 lowest levels of 0.517 to 0.582% DLYS (Table 9 ). Haugh units were not greatly or consistently affected by the DLYS level (Table 9 ). There were no differences (P > 0.05) in mortality and culled hens among the treatments (data not shown).
Egg grade out (%) at week 10 and 24 indicated that diets containing the 2 lowest levels of DLYS and CP generally yielded significantly more medium and small eggs, whereas diets with higher amounts of DLYS and CP yielded significantly more extra-large and large (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 6 to 24 which was included in the regression analyses to estimate DLYS requirements. (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 6 to 24 which was included in the regression analyses to estimate DLYS requirements. Pooled SEM 26 0.0017 0.83 a-d Means within rows with no common superscript are significantly different (P < 0.05). 1 DLYS = digestible Lys, mean of the diets fed during weeks 0 to 12 and 13 to 24 (Tables 1 and 2) 2 Digestible Lys intake for weeks 6 to 24.
eggs, particularly at week 24 (Tables 10 and 11) . Egg yolk percentage, yolk percentage solids, white percentage solids, and total percentage solids at week 24 of the trial showed no significant differences among the dietary treatments (Table 12) . No significant differences in body weight, egg specific gravity, Haugh units, egg yolk and egg white percentage, and egg grade-out were observed for hens fed the industry control diet (diet 8) compared to hens fed the higher DLYS levels of 0.648 to 0.913% (Tables 9 to 12 ). The same results were obtained for these parameters when measured at the other 4-wk periods (data not shown).
DLYS Requirements
As mentioned earlier, DLYS requirements were estimated using the broken line, QP max, and the intercept of the broken line and QP methods. Broken line (Tables 1 and 2 ). 2 Digestible Lys intake for weeks 6 to 24. 1 DLYS = digestible Lys, mean of the diets fed during weeks 0 to 12 and 13 to 24 (Tables 1 and 2). 2 Digestible Lys intake for weeks 6 to 24.
regression analysis for egg production during weeks 12 to 24 yielded a DLYS requirement of 528 mg/hen/d, whereas the QP max regression analysis estimated a higher DLYS requirement of 727 mg/hen/d (Table 13). The intercept of the broken line and QP methods yielded an intermediate DLYS requirement of 620 mg/hen/d. For egg mass (6 to 24 wk), broken line regression yielded a DLYS requirement of 655 mg/hen/d, whereas QP max estimated the DLYS requirement at 817 mg/hen/d, and the intercept of the broken line and QP methods determined 706 mg/hen/d Table 13 . Summary of the requirement methods and the digestible lysine (DLYS) requirements estimated using the 3 different regression methods. 
DISCUSSION
For most of the production parameters, a similar trend was that diets containing the lowest amounts of DLYS and CP yielded lower egg weight, final body weight, egg size grades, egg production, egg mass, and feed efficiency. This is likely explained by a deficiency in DLYS and/or CP in diets. Most or all of the response was probably due to a DLYS deficiency because the diets were formulated based on digestible AA: DLYS ratios that were designed to make DLYS first limiting. Specific gravity and Haugh units were significantly higher for the diet which contained the lowest DLYS and CP compared to most diets with higher levels of DLYS and CP. This may have been due to the smaller egg size since smaller eggs often have thicker egg shells and higher interior egg quality.
The increasing CP titration method used herein is similar to the diet dilution method used by Siqueira et al. (2013) to determine the lysine requirement of broiler chickens. The latter method and the one used herein are both modifications of the diet dilution method described by Fisher and Morris (1970) for determining the Met requirement of laying pullets. Siqueira et al. (2013) compared the diet dilution/increasing CP method with the graded supplementation/doseresponse method and concluded that the diet dilution technique yielded a better estimate of the lysine requirement that met the birds' performance potential. D'Mello (1982) reviewed both the graded supplementation and diet dilution methods and concluded that both methods are equally acceptable for determining AA requirements of poultry.
In order to estimate a DLYS requirement, 3 regression methods were used: broken line regression, QP max regression, and the intercept of the broken line and QP max methods. Several researchers have used different regression methods in order to determine a Lys requirement. When egg production was the performance parameter and the broken line regression method was used, an early paper from Bray (1969) yielded a total Lys requirement of 522 mg/hen/d. This total Lys requirement agreed well with the DLYS requirement for egg production that was observed in the current study which was 528 mg/hen/d based on broken line regression. However, a higher Lys requirement was observed in the current study when QP max regression and the intercept of the broken line and QP methods were used. This was somewhat expected since it has been proposed that QP max may overestimate the requirement, whereas broken line regression may underestimate the requirement (Baker et al., 2002) . Using a sigmoid response regression, Pilbrow and Morris (1974) estimated a total Lys requirement of 820 to 920 mg/hen/d for 8 different stocks of laying hens, which was based on an equation to describe the relationship between egg production, Lys intake, and body weight. This Lys requirement was much higher than earlier studies have suggested and was much higher than the DLYS requirement determined by all the regression methods that were utilized in the current study. Thus, the very high Lys requirement estimates reported by Pilbrow and Morris (1974) were probably primarily due to the sigmoid regression model that was used. For a wheatbased diet, a total Lys requirement was determined to be 600 mg/hen/d based on hen-day egg production (Sell and Johnson, 1974) and this requirement agreed well with Latshaw (1981) where a total Lys recommendation was 650 mg/hen/d based on optimal egg production results for corn-based diets. This requirement agreed well with the DLYS requirement obtained from the intercept of the broken line and QP method that was 620 mg/hen/d based on egg production in the current study. However, it is important to note that in these earlier studies, the Lys requirement was determined as total Lys intake from the diets and not DLYS intake as was done in the current study. The DLYS requirement should be 10 to 15% lower than the total Lys requirement based on the expected digestibility of Lys in corn-soybean meal diets (NRC, 1994) .
Using egg mass as the performance parameter, Bregendahl (2008) conducted research with White Leghorn-type laying hens at weeks 28 to 34 of age and determined a DLYS requirement of 538 mg/hen/d using broken line regression. The latter requirement is lower than the broken line DLYS requirement that we observed for egg mass which was 655 mg/hen/d. Schutte and Smink (1998) estimated a DLYS requirement based on egg mass response in corn-based diets of 540 mg/hen/d for 24-to 36-wk-old White Leghorn strain hens when calculating 90% of the maximum response of a nonlinear statistical model. Comparatively, the DLYS requirement estimated based on egg mass was 817 mg/hen/d for the current study for QP max. If we calculate the DLYS requirement at 90% of the QP max response in the current study, a DLYS requirement of 735 mg/hen/d is estimated. This value is substantially higher than the Schutte and Smink (1998) estimate of 540 mg/hen/d which is also lower than the requirement yielded from the intercept of the broken line and QP methods in the current study, which was 706 mg/hen/d. This latter value of 706 mg/hen/d is also in excellent agreement with the mean values for the intercept of the broken line and QP max DLYS requirement of 703 mg/hen/d for Dekalb White hens from 37 to 48 wk reported recently by Silva et al. (2015) . The DLYS requirements estimated from the broken line regression, QP max, and the intercept of the broken line and QP for egg mass are also shown in Figure 1 for the current study to better illustrate the different methods used to estimate the DLYS requirements.
When using feed efficiency as the performance parameter, Bregendahl (2008) estimated a DLYS requirement of 693 mg/hen/d based on broken line regression for hens from 28 to 34 wk of age. Interestingly, the broken line regression estimate for feed efficiency determined in the current study was almost identical at 690 mg/hen/d. As mentioned above, the DLYS requirement value from the intercept of the broken line and QP determined herein for egg mass was in excellent agreement with the recent study by Silva et al. (2015) ; however, the 2 studies are not in agreement for feed efficiency. When using the broken line and intercept of the broken line and QP methods, the DLYS requirements reported by Silva et al. (2015) are much lower than those determined herein and their requirement estimates for feed efficiency were lower than those for egg mass. In contrast, the opposite was observed herein where the DLYS requirement for feed efficiency was numerically higher than for egg mass. The reason why the 2 studies would be in excellent agreement for egg mass but greatly different for feed efficiency is not known.
Comparing the 3 production parameters used in the current study, the DLYS requirements for egg mass and feed efficiency were substantially higher than the requirement for egg production. The difference may have been primarily associated with the egg weight response to dietary DLYS levels. Egg weight was affected earlier than egg production (at 2 wk vs. 12 wk) by DLYS level and egg weight is included in egg mass and feed efficiency calculations, whereas it is not included in the egg production calculation.
When comparing the 3 regression methods, the broken line regression method estimated DLYS requirements that were lower than the QP max regression and intercept of the broken line and QP for all 3 production parameters evaluated. The highest DLYS requirements were estimated using the QP max regression. Consistently, the intercept of the broken line and QP methods yielded a requirement that was intermediate between the broken line and QP max regression. The latter is in agreement with an earlier study that proposed that the broken line and QP max regression methods may underestimate and overestimate the requirement, respectively, and that the intercept of the broken line and QP methods may provide an objective intermediate value that may be more economically realistic (Baker et al., 2002) . Similar results were recently reported by Silva et al. (2015) .
The intercept of the broken line and QP DLYS requirement for egg mass (706 mg/hen/d) determined herein is substantially higher than the NRC (1994) requirement. The latter publication lists 690 mg/hen/d as the total LYS requirement for laying hens. With the digestibility of LYS in corn-soybean meal diets being approximately 88% (NRC, 1994), the (NRC, 1994) total LYS requirement value calculates to be a DLYS requirement of only 607 mg/hen/d. The higher DLYS requirement in the current study may be due mainly to genetic differences between the hens used herein and those used in the much older studies on which the NRC (1994) requirement is based. It is interesting, however, that the intercept of the broken line and QP DLYS requirement for egg mass of 706 mg/hen/d determined herein for 23-to 46-wk-old hens is almost identical to the DLYS value of 710 mg/hen/d recommended by the breeder company for Lohmann LSL-Lite hens from 29 to 45 wk (Lohmann Tierzucht GMBH, 2014), indicating very good agreement between the results of the current study and the breeder recommendation.
In summary, several regression methods can be used to determine a DLYS requirement for laying hens. The current study showed that for 22 to 47-wk-old Lohmann hens, the intercept of the broken line and QP methods yielded DLYS requirement estimates of 620, 706, and 778 mg/hen/d based on responses for egg production, egg mass, and feed efficiency, respectively. These DLYS requirements may be more economically viable than the requirements yielded from the broken line and QP max regression since the latter 2 methods may underestimate and overestimate AA requirements, respectively.
